We consider a DGP inspired brane scenario where the action on the brane is augmented by a function of the Ricci scalar, L(R). The cosmological implications that such a scenario entails are examined for R n and shown to be consistent with a universe expanding with power-law acceleration. It is shown that two classes of solutions exist for the usual FRW metric and small Hubble radii. When the Hubble radius becomes larger, we either have a transition to a fully 5D regime or to a self-inflationary solution which produces a late accelerated expansion such that the radius becomes a function of n.
Introduction
The notion of extra dimensions and that they can be probed by gravitons and eventually non-standard matter has been the focus of attention in recent years. These models usually yield the correct Newtonian (1/r)-potential at large distances because the gravitational field is quenched on submillimeter transverse scales. This quenching appears either due to finite extension of the transverse dimensions [1, 2] or due to sub-millimeter transverse curvature scales induced by negative cosmological constants [3, 4, 5, 6, 7, 8] . A common feature of both of these types of models and also of the old Kaluza-Klein type models is the prediction of deviations from four-dimensional Einstein gravity at short distances. If the transverse length scale is not too small, this implies the possibility to generate bulk gravitons in accelerators or stars [2, 9] . The model of Dvali, Gabadadze and Porrati (DGP) [10] , see [11] for extensions, is different, predicting that 4-dimensional Einstein gravity is a shortdistance phenomenon with deviations showing up at large distances. The transition between four and higher-dimensional gravitational potentials in the DGP model arises as a consequence of the presence of both the brane and bulk Einstein terms in the action. Further, it was observed in [12, 13] that the DGP model allows for an embedding of the standard Friedmann cosmology in the sense that the cosmological evolution of the background metric on the brane can entirely be described by the standard Friedmann equation plus energy conservation on the brane. This was later generalized to arbitrary number of transverse dimensions in [14] . For a recent and comprehensive review of the phenomenology of DGP cosmology, the reader is referred to [15] .
An interesting observation made a few years ago is that the expansion of our universe is currently undergoing a period of acceleration which is directly measured from the light-curves of several hundred type Ia supernovae [16, 17] and independently from observations of the cosmic microwave background (CMB) by the WMAP satellite [18] and other CMB experiments [19] . However, the mechanism responsible for this acceleration is not well understood and many authors introduce a mysterious cosmic fluid, the so called dark energy, to explain this effect [20] . Recently, it has been shown that such an accelerated expansion could be the result of a modification to the Einstein-Hilbert action [21] . A scenario where the issue of cosmic acceleration in the framework of higher order theories of gravity in 4D is addressed can be found in [22] . One of the first proposals in this regards was suggested in [23] where a term of the form R −1 was added to the usual Einstein-Hilbert action. It was then shown that this term could give rise to accelerating solutions of the field equations without dark energy. In [24] a DGP brane model with a scalar field on the brane was proposed, predicting that for the gravitational potential, the mass density should be modified by the addition of the mass density of the scalar filed on the brane. Such a scalar field has its origin in the conformal transformation used to transform the action in the Jordan frame to the Einstein frame in the usual 4D modified gravity. For non-minimally coupled scalar field scenarios see [25] .
In this paper, we focus attention on the DGP brane model where the action contains an arbitrary function of the Ricci scalar, L(R), and obtain the evolution of the metric on the space-time. We concentrate on a specific form for L(R) = L 0 R n and solve the resulting dynamical equations, predicting a power-law acceleration on the brane. The components of the metric in the Gaussian normal coordinates are then calculated and presented. Finally, we show that there exists two classes of solutions close to the usual FRW cosmology for small Hubble radii in the model presented here.
DGP model with L(R) brane action
We start by writing the action for the DGP model with an arbitrary function of the scalar curvature on the brane part of the action, that is
where the first term in (1) corresponds to the Einstein-Hilbert action in 5D for the 5-dimensional bulk metric g AB , with the Ricci scalar denoted by R. Similarly, the second term is the modified Einstein-Hilbert action with L(R) corresponding to the induced metric q µν on the brane, where L(R) is some arbitrary function of the 4D scalar curvature and m 3 and m 4 are reduced Planck masses in four and five dimensions respectively with S m being the matter action on the brane with a matter field denoted by ψ m . The induced metric q µν is defined as usual from the bulk metric g AB by
It would now be possible to write the field equations resulting from this action, yielding, in
whereT µν = 1 L ′ (R) T µν and T µν is the energy-momentum tensor in the matter frame, and
A prime here denotes differentiation with respect to R. Note that R lives on the brane. The corresponding junction conditions, relating the extrinsic curvature to the energy-momentum tensor, become
.
It should be noted that L ′ (R) is a function of the brane parameters.
Cosmology
From the fact that the DGP model predicts deviations only at large distances, one might hope it could be ruled out from cosmological observations. However, as we shall see, it could account for cosmological equations of motion at any distance scale on the brane with any function of the Ricci scalar. Brane cosmology usually starts from the line element
where γ ij is a maximally symmetric 3-dimensional metric with k = −1, 0, 1 being the usual parameters denoting the spatial curvatures. Building on the results of [26, 27] , the cosmological evolution equations of a 3-brane in a 5D bulk resulting from equations (3) and (5) were presented in the first two references in [21] . Here we will follow [12] and give the results for a brane of dimension ν + 1. Adopting the Gaussian normal system gauge
The field equations on the brane for metric (6) and d = ν + 1 spatial dimensions are
The junction conditions (5) for an ideal fluid on the brane, given by
where
andρ andp are the energy density and pressure in the matter frame associated withT µν respectively. Energy conservation on the brane follows from the vanishing of
and in particular
Insertion of (11) and (12) into this equation yields the equation of conservatioṅ
Also, insertion of (15) into the bulk equations G 00 and G 55 for y = 0 yields a ν-dimensional version of the integral of [27] , that is
This means that if we define the quantities I + and I − by taking the factor a ν−1 out of the right hand sides of equations (18) and (19) , that is
then I + and I − are constants with the property that
We can now simplify the previous equations by further restricting the gauge
and by simply performing the transformation
of the time coordinate. This gauge is convenient because it gives the usual cosmological time on the brane. Using equations (15) and (23), we find that our basic dynamical variable is a(y, t) with n(y, t) given by
The basic set of cosmological equations in the present setting for any function of the Ricci scalar on the brane in the DGP model without a cosmological constant in the bulk are thus equations (12), (17), (20) and (21) which have to be amended with dispersion relations (or the corresponding evolution equations) for the ideal fluid components on the brane, that is
n(y, t) =ȧ (y, t) a(0, t) .
Let us now discuss the cosmology in the DGP model by taking I + = I − . The cosmological equations in this framework for a (ν − 1)-dimensional space are given bẏ
The evolution of the background geometry of the observable universe according to the Friedmann equation can thus be embedded in the DGP model, with the behavior of a(y, t) off the brane determined solely by the integral I and the boundary condition a(0, t) from the Friedmann equation. This embedding will be asymmetric in all realistic cases, because the requirement that the Friedmann equation holds on the brane is equivalent to the smoothness condition
This could yield a symmetric embedding only for a ′ (0, t) = 0, but this is incompatible with the time independence of the integral I apart from the case k = −1,ȧ = 1. For a discussion of this point the reader may consult [28, 29] . In the present calculations we will choose the sign of y in the direction of the increasing scale factor, a ′ > 0. The possibility of a direct embedding of Friedmann cosmology is a consequence of the fact that the evolution of the background geometry (6) and the source terms ρ (curv ) and p (curv ) are supposed to depend only on t and y. For ν = 3 we obtain
and from the equation for n(y, t), the solutions for the metric components off the brane in terms of the metric on the brane (assuming a ′ > 0) are
n(y, t) = a(0, t) +ä(0, t)y 2 + a(0, t)y a(0, t)ä(0, t) +ȧ
This embedding of the Friedmann cosmology on the brane becomes particularly simple for I = 0, that is a(y, t) = a(0, t) + ȧ 2 (0, t) + ky,
n(y, t) = 1 +ä (0, t) ȧ 2 (0, t) + k y.
(40) n gravity in the DGP model
To progress further, the form of L(R) should be specified. For ease of exposition and clarity, let us focus attention on theories where a R n term is present in the action and write
Let us also assume a power law solution form for the brane scale factor as
The interesting cases are for α ≥ 1 which give rise to acceleration.
To proceed, we consider the evolution of the scale factor with time on the brane. Using equation (32) for the spatially flat FRW metric and setting ν = 3, we write
Now, use of the conservation equation leads tö
We must now solve the system of equations (43) and (44) withρ =p = 0. Substituting equations (41) and (42) into the above equations describing the dynamical system for the brane, we obtain an algebraic system for the parameters n and α α[α(n − 2) + 2n
from which the allowed solutions
follow. The solutions with α = 0 are not interesting since they provide static cosmologies with a non-evolving scale factor on the brane, matching cosmological models resulting from the solutions of the Einstein equations without matter and n = 1. This particular value of n warrants a further discussion. It is well known that in ordinary 4D gravity an action of the form L(R) = L 0 R n results in a constant scale factor in a cosmological setting without any ordinary matter and a singular equation of state for n = 1 [22] . It is therefore not surprising to expect the same behavior in DGP models when the action on the brane is taken as that mentioned above. However, if one takes L(R) = R + L 0 R n , one is lead to ordinary general relativity as the low energy limit of the theory and one finds that this theory is equivalent to scalar quintessence models through conformal transformations [23] . The corresponding result for L(R) = L 0 R n , n > 0 and n = 1 is also spelled out in [22] . Using equations (29) and (30) we can deduce the equation of state for the family of solutions α = 0. We then have
which clearly behaves as w (curv ) → −1 for n → ∞, playing the role of a cosmological constant. For R −1 (n = −1) which corresponds to α = 2 we have a power-law acceleration on the brane without having to introduce dark energy. This result is consistent with the observational results similar to (42) and (46) we obtain the deceleration parameter
It is clear that for n → ∞ we have q(∞) = −1. This means that the universe (brane) is continuously expanding at an ever-increasing rate. Clearly, for n = −1 or α = 2 we obtain q = − 1 2 . It is worth noting again, as was mentioned before, that in the normal DGP model, that is when n = 1 and with no ordinary matter present, we cannot define the equation of state and deceleration parameter because the scale factor on the brane is constant, see equations (43) and (44). We therefore expect the same behavior in our model and see that these equations diverge for n = 1. Figure 1 shows the behavior of q as a function of n. As can be seen, for n < −0.4 and n > 1.4, q → −1.
Let us now find the evolution of a(y, t) and n(y, t) everywhere in space-time. Substituting equations (42) and (46) into equations (37) and (38), one finds
and
In the particular case I = 0, we obtain
The scale factor on the full space-time, a(y, t), is plotted in figure 2 for the special case I = 0 and α = 2 or n = −1. Note that for y = 0, equations (51) and (52) reduce to (42) and n(0, t) = 1 respectively. There appears coordinate singularities on the space-like hypercone y = ±(
. This is presumably a consequence of the fact that the orthogonal geodesics emerging from the brane (which we used to set up our Gaussian normal system, b 2 = 1) do not cover the full five-dimensional space-time. 
Brane Friedman equations with L(R)
In this section we derive the Friedman equations for the brane metric in the presence of L(R) in the brane part of DGP action. Thus, for I = 0 in equation (36) and using equation (23) we can write
Note that we assume k = 0 and the bulk cosmological constant is zero. Taking the symmetry y ↔ −y (I + = I − ) for simplicity, equation (26) can be used to compute a ′ (y, t) on the two sides of the brane.
We have in this case [a ′ (y, t)] = 2a ′ (0 + , t). By continuity when y → 0, equation (53) yields the generalized (first) Friedman equation
where the Hubble parameter is H =ȧ
4 and ǫ = ±1 is the sign of [a ′ (y, t)]. Now, let us discuss the solutions of the Friedman equation (54) together with (17) when the bulk cosmological constant vanishes. It is now apparent from (54) that the standard cosmology, namely the usual 4D Friedman equation (43) is recovered whenever the last term on the left hand side of (54) is subdominant with respect to the first term, namely when
Thus using ansatzs (41) and (42), the above equation in terms of the Hubble radius H −1 can be written H −1 ≪ (r c nL 0 ) 
where r c = . For n = 1 this matches the scale r c found in [10] , setting the crossover between the 4D and 5D gravity regimes. For the special case n = −1, or α = 2 for which a power-law acceleration consistent with t 2 is obtained we have
Brane models generally provide an interesting extension of our parameter space for gravitational theories. In this work we have discussed the DGP model with an arbitrary function of the Ricci scalar in the brane part of action. The cosmological evolution of this model was studied by solving the relevant dynamical equations. The components of the metric on the space-time was obtained for the R n term in 4D gravity. The evolution of the universe in such a scenario was shown to be consistent with the present observations, predicting an accelerated expansion. Finally we have shown that there exists two classes of solutions, close to the usual FRW cosmology for small enough Hubble radii for L(R) gravity.
